Abstract. This study investigated the frequency response of body oscillations in the medio-lateral (M-L) direction during upright stance and proposes an M-L balance assessment method. Previous investigations have commonly used a visual tracking task and measured the displacement of the center of pressure, but these methods are affected by the body's subjective factors and do not reliably represent human dynamic balance. In this study, 10 subjects were settled on a 6-DOF motion platform in a specific posture, and the passive motion stimulus was tracked using a sinusoidal waveform with a frequency range of 0.05-1.5 Hz. The Bode diagram, which consisted of the magnitude and phase-shift between the motion of platform and the body's center of gravity (COG), was obtained by measuring the COG displacement. The results show that, at 0.5-1.0 Hz, the subjects had a higher probability of losing their balance. The mean cut-off frequency (COF) was 0.62 Hz, so the bandwidth of the body oscillation was 0.1-0.6 Hz. Furthermore, the COF could be used to quantify balance ability, i.e. a higher COF corresponded to better balance ability. Additionally, the mean resonance frequency was 0.44 Hz, which reflected spontaneous body sway. In conclusion, this study determined the integration frequency response of human dynamic balance under passive motion stimulus using COG, and proposed a more objective and accurate method for evaluating balance ability.
Introduction
Balance is one of the most important functions of human body, and impaired balance is a common cause of falls, especially in older adults [1] [2] . While standing upright, the human body sways incessantly, despite concentrated efforts to avoid such movement [3] [4] , which is mainly controlled by three sensory systems, including visual [5] [6] , vestibular [7] and somatosensory systems [8] . However, breathing, heartbeat, and muscle activity can also cause the body to sway [3] .
The characteristics of whole-body oscillation in the frequency domain have been investigated. Prior studies generally used visual tracking [5] [6] , which is an active mechanism, and is affected by human subjective factors. A motion platform can generate a passive stimulus under the feet and lead to passive motion [9] [10] [11] .
In addition, the human balance studies commonly use a force plate to obtain the center of pressure (COP) [12] . Evidence has shown that the COP position varies according to the center of gravity (COG) position and has a higher frequency component than that of COG, such as a game of cat and mouse [13] [14] . The equation has been developed to estimate COG displacement from COP data [15] , but it only fits to quiet standing. For dynamic balance, there are indications that accelerometers can be used to measure the tilt of any segment of the body without hindering natural motor activity [11, [16] [17] [18] [19] . More specifically, accelerometers are suitable for COG displacement measurements.
The postural stability of a standing body depends on the frequency and direction of the applied oscillation [20] . For the frequency range, because body sway is mostly at low frequencies while standing upright, the effect of frequency on postural stability has been studied in three frequency ranges in the medio-lateral (M-L) direction, i.e. 0.125 to 2Hz [20] , 0.05-1.5Hz [6] , and 0.3-2.0Hz [5] . Due to research requirements and the fact that body sway occurs mostly in low frequency, the range of 0.05-1.5Hz was chosen for the present study. For the sake of simplicity, previous investigations mostly selected the anterior-posterior (AP) direction for balance control studies. However, M-L postural sway has a significant association with future falls [21] and can identify fallers when standing [22] [23] .
The aim of this research was to study the integration frequency response of human dynamic balance. A motion platform was used as a passive mechanism to generate increasing frequency in the range of 0.05-1.5Hz in the M-L direction, and accelerometers were used to measure the displacement of the motion platform and the COG. The frequency response was determined by plotting a Bode diagram.
In this paper, the experimental methods and the data analysis method are provided in Section 2, in which Section 2.1 explains the experimental apparatus and Section 2.2 presents the measurements, Section 2.3 and Section 2.4 describe data analysis and statistical analysis, respectively. The experimental results are shown in Section 3, including the standard deviation of the magnitude and the Bode diagram. Section 4 discusses the frequency response, analyzes balance ability, assesses the probability of more likely losing balance. Finally, Section 5 provides the conclusions of this research.
Methods

Experimental Apparatus
The experimental equipment used in this study included a six degree-of-freedom (6 DOF) motion platform and four accelerometers, which are shown in Fig.1 . The motion platform was used to produce passive stimulation (i.e. the tracking signal), which was applied to the feet. In this study, we used sinusoidal waveforms with a constant amplitude of 25 The 6 DOF motion platform is used to produce the passive stimulation, which is applied under the feet. And the four accelerometers are adopted to measure the accelerations of three different joints of the body and the motion platform.
The four accelerometers were located at the level of the fourth thoracic vertebra (the shoulder), at the COG position of the body (the hip), at the knee joint and on the platform to test the motion of the platform respectively. The COG was determined using Eq.1 and was used to measure COG acceleration, where, the sampling frequency of each accelermeter is 50Hz.
 
the height of the subjects
where h is the position of the center of mass (COM) [24] ，that responding the shaking position of body balance. However, the COG is the vertical projection of the COM onto the ground, so this paper collected the COG signal with accelermeter fixed at hip.
As the data acquisition unit, an industrial PC/104 module collected the signal of the acceleration sensors in binary form.
Measurement
Ten healthy young subjects, five women and five men, within the range of 23-25 years, participated in this experiment, their mean BMI (Body Mass Index), which is the result of weight in kilograms divided by height in meters square, is 20.36 kg/m 2 . This index commonly used as a standard of health to measure the degree of fat body. Besides they did not report any neurological or orthopedic disorders and did not have any chronic or acute injuries that could impact postural stability.
Before the experiment, each subject was informed of the experiment task, and given certain instructions, ensuring that they understood the experiment correctly.
While standing, subjects were settled on the motion platform with eyes open, bare feet apart at shoulder width, with the arms hanging along the sides of the body. After that, it was ensured that the acceleration sensors were installed correctly. The increasing frequencies were applied, as described in the experimental apparatus section, every 50s. The acceleration of the COG and platform were obtained by the industrial PC/104 module.
Data Analysis
The desired displacement values had to be integrated over time twice since the experimental data were measurement of acceleration.
Although any task requires an adaptation phase, the experiment could not take too long in order to avoid subject fatigue or lack of attention, as this would lead to unreliable data, so a recording time of 25-40s was selected to guarantee that the sway parameters were steady and reliable [25] . Therefore, 45s was set as a reasonable data processing time and the first 5s were considered as adjusting time.
The displacement of the platform and the COG were defined as the control signal and the response signal, respectively, and plotted. The data from one subject in M-L direction are shown in Fig. 2 . Figure 2 . The displacements of the control signal and response signal in ML direction.
The value of the displacement is the quadratic integral of the acceleration.
The amplitude ratio was obtained by using the control signal to divide the input signal amplitude. For the calculation of the phase shift, at first, the two signals were reshaped into square signals, respectively, then the zero-phase method [1] which is described by the following equation:
where n is the pulse number of the adjacent frontiers(i.e. The adjacent rise edge) of the two signals and N is the pulse number of the adjacent frontiers of the control signal, as shown in Fig. 2 . In this study, n and N are both the mean values within the calculated 40s.
The frequency response, i.e. the Bode diagram, is the amplitude ratio in logarithmic 20 and the phase shift against the input frequency of logarithmic. Therefore, the balance performance over the frequency range was obtained. The COF is the frequency corresponding to -3dB in the amplitude-frequency characteristic diagram, as shown in Fig. 3 . 
Statistical Analysis
In order to obtain the dynamic properties of body oscillation, this study used the mean value method. By calculating the average magnitude and phase shift on each frequency point of the ten subjects, the balance performance was described.
Additionally, this study used one-way ANOVA method to determine the differences in the magnitude and the phase-shift at each frequency for each subject using SPSS (PASW statistics 19). The frequency was found to have a significant effect on the magnitude-frequency characteristic (p<0.001), as well as the phase-frequency characteristic (p<0.001).
Results
Throughout the experiment and processing of the experimental data, the standard deviation of the magnitude was calculated and is shown in Fig. 4. Fig. 3 shows the Bode diagram, which is the average performance over ten subjects in the M-L direction. Fig. 5 illustrates the values of the COF and RF of each subject, and Fig. 6 shows the peak acceleration of each body part.
Through the standard deviations of the magnitude, it was found that the data dispersion degree was greater at frequencies in the range of 0.562-1.0 Hz with a larger value of the standard deviation of the magnitude because of the relatively large differences between individuals. Imagining that, some human may behave as losing balance. Thus, it is important to analyze the integration frequency response of human dynamic balance. The Bode diagram showed the balance performance of the ten subjects. Between 0.05Hz and 0.177Hz, the magnitude was quite large, and the phase delay was too long, so the magnitude increased with increased frequencies compared to that at 0.177Hz, until it reached a peak value at 0.44Hz, and afterwards began to decline rapidly. However, the phase delay increased at all points compared with that at 0.177Hz. Additionally, the COF, which is the intersection of the magnitude and -3dB line, was found to have a value of 0.62Hz. Fig. 5 summarizes the COF and the RF values for each subject; m1-m5 are males, and f1-f5 are females. The COFs were around the mean value, although the COFs of some females were higher than the mean value. For the RF value, half of the subjects were at 0.316Hz, and the others were at 0.44Hz.
The acceleration data indicate which part of the body plays a dominant role in body sway (Fig. 6 ). At 0.05-0.44Hz, the peak acceleration of all of the three parts increased with increasing frequency, but the hip had the highest magnitude of peak acceleration at 0.44Hz, which means that, at this frequency, the hip plays a dominant role in balance control. In the same way, the knee was the most important part during body sway at 0.56-1.5Hz.
Discussion
This study discussed the frequency characteristics of body oscillations in the upright posture. In the low frequency range (0.05-0.177Hz), the body oscillations had a high magnitude and along phase delay; the value of the standard deviation of the magnitude was large because of the inertia effect, which causes the human body to remain in its original position. A higher mass led to a greater effect of inertia.
In the high frequency range (0.177-1.0Hz), the COF and the RF values were obtained. The mean COF was 0.62Hz, and the COF of each subject was around the mean value. A higher COF means a faster response speed of the body; in other words, a higher COF implies better balance ability. The COF value can be used to quantify the balance ability of the human body, and is known as the M-L balance assessment method [5] . However, compared to the medio-lateral balance assessment (MELBA) proposed by Eduardo [5] , the measurements in this paper were more objective and accurate, for two reasons. Firstly, the Eduardo [5] study used a visual tracking task, but this study adopted a motion platform to provide passive motion stimulus, where there is no influence of human subjective factors. Secondly, to assess the displacement of the human body, this study used the COG values, not the COP. Evaluating the balance ability of subjects in this study was based on the M-L balance assessment method; the results are shown in Fig. 5 . The COF values of most females were over the mean value. Therefore, the balance ability in the M-L direction of females is better than males while in the upright posture. For each subject, a higher COF means better balance ability.
Through the statistical analysis of the COF values, the percentage of subjects who lost their balance could be calculated. The results show that there are 90% subjects will lose their balance in the range of 0.5-1.0Hz in that paper. This result is consistent with the probability of losing balance in the frequency range of 0.5-1.0Hz, shown in a previous study [20] .
In addition, the mean RF value was 0.44Hz. When the input frequency of the oscillation equals the RF, the body can produce resonance, where the amplitude of body sway reaches its highest value. At this point, the hip played an important role in balance control (Fig. 6 ). The RF, namely the optimal frequency, may reflect spontaneous body sway in the control system while standing upright [6] . Also, this was consist with the value of 0.4-0.8Hz (optimal resonant control system) shown by Oida [6] .
The agreement between the analysis and common sense indicated that subjects have a higher probability of losing balance at a higher frequency than at a lower frequency, and each subject had a range of relative safety. According to the experiment and the Bode diagram (Fig. 3) , the bandwidth of the body oscillation was 0.1-0.6Hz. This study had several limitations. Firstly, the data came from a fairly small number of subjects, and they were from a relatively healthy community-based population. Secondly, because the M-L direction can identify fallers when standing, the experiment only involved the M-L direction under the translation. However, the oscillation form also included the AP direction and rotation, which should also be considered. Further studies should involve larger sample sizes and several oscillation forms to provide more realistic results.
Conclusion
This paper adopted a passive motion stimulus and obtained COG displacement data through acceleration sensors. The results show the frequency characteristics of human body dynamic balance. This study illustrates that the M-L balance assessment method based on the COF can quantitatively analyze balance ability, objectively and accurately. Within the range of 0.5-1.0Hz, the subjects had a higher probability of losing balance, so the bandwidth of the body oscillation was 0.1-0.6Hz. Additionally, it was found that the spontaneous body sway frequency is 0.44Hz, and the hip plays an important role in balance control at that point. These data provide a scientific basis for further research into balance ability in the medical community.
